Ischaemic stroke is a major cause of disability and death and the incidence rate of ischaemic stroke is doubled in patients who have diabetes. Admission hyperglycaemia in acute stroke patients is associated with higher mortality, longer hospital stay and worse functional outcome. However, it remains unclear whether hyperglycaemia is in fact a marker of stroke severity or whether hyperglycaemia directly contributes to brain damage. Potential mechanisms of hyperglycaemia related brain damage in stroke include acidosis, oxidative stress and reperfusion injury. Evidence suggests a potential benefit of treatment of hyperglycaemia with insulin in acute stroke patients but the potential for morbidity caused hypoglycaemia should be considered. The American Heart Association/American Stroke Association guidelines recommend maintaining the blood glucose level in the range 7.8-10 mmol/L during acute stroke hospitalisation whilst the European Stroke Organization guideline recommends lowering the blood glucose with insulin to below 10 mmol/L. More research is needed to explore the impact of admission hyperglycaemia and hypoglycaemia on stroke outcomes and the role of other glucose lowering therapies. Br J Diabetes 2016;16:114-118 
Introduction
Ischaemic stroke is a major cause of disability and is now the 4th leading cause of death in the USA. 1 Stroke accounted for 5.7 million deaths in 2005 worldwide, with the incidence rate of ischaemic stroke approximately doubled in patients who have diabetes. 2 Approximately one-third of patients with transient ischaemic attacks or ischaemic stroke who have no previous history of diabetes have prediabetes and over a quarter have newly diagnosed diabetes. 3 A prospective study of over 13,000 people showed that, in people with type 2 diabetes, the risk of death from myocardial infarction and stroke is increased two fold, independent of other known cardiovascular risk factors. 4 Thus, diabetes increases the risk of stroke and the risk of death from stroke.
The definition of hyperglycaemia varies in stroke studies and ranges from 6.1 mmol/L to >10 mmol/L glucose. Based on these definitions, hyperglycaemia is found at presentation in 30-60% of all stroke patients. 5 Research has shown that acute hyperglycaemia in stroke contributes to worse functional outcomes, longer hospital admission and higher mortality. 6 There is uncertainty about what level of blood glucose contributes to unfavourable outcomes. Evidence varies regarding whether there is a glucose threshold for worse outcomes or whether the relationship is linear. 7, 8 One group found that the capillary glucose level with the highest predictive accuracy for poor outcome was >8.6 mmol/L. 7 Another group showed that odds for favourable stroke outcome decrease as admission blood glucose increases (odds ratio of neurological improvement 0.76 per 5.6 mmol/L increase in glucose). 8 This literature review will explore the proposed underlying mechanisms by which alterations in blood glucose may contribute to poor outcomes, summarise both animal studies and clinical studies to date and propose topics for future research. Evidence for treatment of hyperglycaemia on admission with acute stroke will also be explored.
The impact of hyperglycaemia on stroke
Cell death occurs in ischaemic stroke due to depletion of glucose and oxygen resulting in reduced adenosine triphosphate (ATP) production. 5 It is unclear exactly how hyperglycaemia causes worse outcomes in acute stroke. 6 Hyperglycaemia related acidosis is a proposed mechanism. Under ischaemic conditions, lactic acid production from anaerobic metabolism contributes to an acidic pH. Hyperglycaemia accentuates lactic acid production and reduced pH. Brain tissue pH can be reduced from 7.2 to 6.6 during ischaemia. Under hyperglycaemic conditions, pH can drop further to <6, 9 potentially causing protein denaturation, acid sensitive ion channel activation and iron release, contributing to ischaemic brain injury. 10, 11 Hyperglycaemia also plays a role in oxidative stress by accelerating the production of free radicals since, glucose is the substrate for their production. 5 Figure 1 summarises key mechanisms likely to be involved in mediating the adverse effects of hyperglycaemia on stroke outcomes.
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Animal studies: stroke, hyperglycaemia and reperfusion injury
A variety of studies in animals have been done to shed light on the impact of hyperglycaemia on acute stroke outcomes. Early studies found that hyperglycaemia at the time of stroke resulted in worse neuronal and vascular injury post-stroke, in keeping with clinical findings. 12, 13 Increased infarct size and levels of inflammatory markers were observed in hyperglycaemic Zucker obese rats. 6 However, another study reported that hyperglycaemia did not affect the infarct volume but increased blood brain barrier permeability and haemorrhagic transformation. 14 Studies in rats has demonstrated that larger infarcts are seen in hyperglycaemic animals in brain territories with collateral circulation compared to those in end arterial region. 15 This supports studies that show lacunar stroke outcomes are not worsened by hyperglycaemia. 16 These strokes affect areas with poor collateral circulation. Thus, animal studies are generally in agreement with clinical study findings that show worse outcomes with hyperglycaemia at time of acute stroke. There is disagreement on the impact on infarct size. The role of hyperglycaemia in reperfusion injury is likely to play a significant role. 6 Blood flow must be restored to ischaemic brain tissue to enable survival. However, reperfusion can damage ischaemic brain further. Hyperglycaemia may worsen cerebral blood flow (CBF) after stroke. Work has shown that CBF was reduced to the ischaemic region in hyperglycaemic rats compared to controls. 17 This was associated with larger infarct size and is in agreement with previous work. [17] [18] [19] [20] One study contradicts this hypothesis, possibly due to differences in hyperglycaemia severity. 21 Cerebral autoregulation is the process by which the blood supply to the brain is maintained despite changes in perfusion pressure. To achieve this, smooth muscle cells constrict when perfusion pressure is high and relax when pressure is low to keep blood flow constant. 22, 23 Work using rats has shown that, under hyperglycaemic conditions, cerebral vessels were incapable of responding to changes in pressure, impairing cerebral autoregulation. 24, 25 In addition to reperfusion injury, hyperglycaemia may also affect outcome after thrombolytic therapy for ischaemic stroke. High blood glucose levels increase coagulation by increasing thrombin production and stimulating the tissue factor pathway. Hyperglycaemia also reduces the activity of tissue plasminogen activator thrombolysis treatment by increasing production of plasminogen activator inhibitor. 6 Clinical studies: mortality, functional status and haemorrhagic transformation A strong link between admission hyperglycaemia in ischaemic and haemorrhagic stroke patients and negative outcomes has been shown. These outcome measures include infarct size, disability and mortality. 5 Regression analyses controlling for other confounding factors demonstrate the importance of hyperglycaemia in negative outcomes. [26] [27] [28] Recently, these findings have been supported by an imaging study. 29 The authors used transcranial Doppler, MRI, and magnetic resonance spectroscopy to show that hyperglycaemia is a strong predictor of infarct growth and poor outcome. The study had a small sample size of only 47 patients but showed that the stroke lesion on diffusion weighted imaging grew 2.7 times faster in patients with hyperglycaemia treated with tissue plasminogen activator than in those without. The study was strengthened by the use of National Institutes of Health Stroke Scale scores.
A systematic review and meta-analysis was undertaken to explore stress hyperglycaemia and stroke prognosis in patients with and without diabetes. 27 Twenty-six studies were included. The group found that the unadjusted relative risk of in-hospital or 30-day mortality associated with an admission glucose level of 6-8 mmol/L was 3.07 in non-diabetic patients and 1.30 in patients with diabetes for both ischaemic and haemorrhagic stroke. Thus, even a small increase in blood glucose level in non-diabetic patients with ischaemic stroke increases mortality three fold. These patients also have an increased risk of poor functional recovery compared to patients with lower blood glucose. This outcome is consistent with studies showing that mean admission blood glucose is higher in non-survivors of stroke than survivors. [27] [28] [29] [30] Furthermore, another study showed that an admission blood glucose of 8 mmol/L or greater was an independent predictor of death, symptomatic intracranial haemorrhage and poor functional status at 90 days in thrombolysed patients. 31 Of patients with an admission glucose of less than 8 mmol/L, 40% had an excellent functional outcome, compared with 27.7% of those with a glucose of greater than 8 mmol/L. 31 31 Strengths of this study include the large sample size of 1,098 patients, the use of prospective data from multiple centres and assessment of outcomes at 90 days. It would also have been useful to study the impact of hyperglycaemia in the longer term over years following stroke.
Hyperglycaemia could disrupt the blood brain barrier and promote development of haemorrhage. Two human studies investigated this. 32, 33 One study showed that admission blood glucose levels of >8.4 mmol/L resulted in increased risk of conversion to haemorrhagic stroke compared with lower blood glucose. 32 On the contrary, the admission blood glucose level did not affect the risk of haemorrhagic infarct conversion in 1,259 patients with ischaemic stroke participating in a randomised, placebo-controlled evaluation of a low-molecular-weight heparinoid. 33 
Treatment of hyperglycaemia with insulin: does it improve stroke outcomes?
Since hyperglycaemia is associated with poor stroke outcomes, it is logical to consider whether treatment to normalise glucose levels would improve outcomes. Eleven randomised controlled trials were included in a recent Cochrane review to assess whether intensively monitoring insulin therapy to maintain serum glucose between 4 and 7.5 mmol/L in the first 24 hours of acute ischaemic stroke influences outcome. There was no difference between outcomes of death or dependency between control (792 patients) and intervention groups (791 patients). Importantly, there was an increased risk of asymptomatic hypoglycaemia in the treatment group. 26 Other studies argue that the harmful effects of hyperglycaemia may be partially reversed by treatment to rapidly correct blood glucose using insulin. Grant et al found that it was beneficial to treat with insulin if patients had a blood glucose of >10.1 mmol/L. 34 Thus, treatment with insulin to treat hyperglycaemia in acute stroke patients could provide some benefit but may cause hypoglycaemia.
Current clinical practice: management of blood glucose in acute stroke
Several studies have looked at the impact of treating hyperglycaemia in critically ill patients. 35 There is some evidence that treatment with insulin in critically ill patients reduced adverse outcomes such as infections and renal failure in patients with a broad range of illnesses, not necessarily stroke. 35 One meta-analysis included 35 studies of critically ill patients and concluded that insulin therapy improved short term mortality. However, the results should be interpreted with caution since the results of individual studies varied. 36 The American Heart Association/American Stroke Association guidelines recommend maintaining the blood glucose level in the range 7.8-10 mmol/L during acute stroke hospitalisation. 37 The European Stroke Organization guideline recommends lowering the blood glucose with insulin to below 10 mmol/L. 38 Could hyperglycaemia be a bystander in acute stroke?
Despite some evidence supporting the role of hyperglycaemia worsening stroke outcomes, 5, 6 there is evidence to the contrary. It remains unclear whether hyperglycaemia is in fact a marker of stroke severity or whether hyperglycaemia directly contributes to brain damage. 31 One study found that HbA1c was a predictor of outcomes but that admission blood glucose was not. 39 This could be due to routine treatment of hyperglycaemia with insulin in this centre. Other authors have concluded that cortisol is a better predictor of poor stroke outcomes than admission blood glucose. O'Neill et al studied the relationship between reactive hyperglycaemia, stress hormone response and outcome in 23 consecutive elderly stroke patients and found that hyperglycaemia is a predictor of outcome in stroke. 40 However, when variables were analysed by logistic regression, only the cortisol concentration was related to outcome (p=0.02). The group suggest that this could be due to high variation in levels of other hormones. It should be noted that the study included only small numbers and complete data were available for only 15 patients. 40 A further study included 71 subjects. 41 This group found that glucose levels were higher in patients who died during the course of the study. However, when cortisol levels and age were taken into account using multivariate analysis, this relationship became insignificant. 41 
Future research
Hyperglycaemia has been associated with no reflow of blood and with blood-brain barrier disruption in a rat model of hyperglycaemia. 5 Hyperglycaemia is associated with increased oxidative stress that can modify tight junction proteins, altering the blood brain barrier. 6 Thus, it is plausible that hyperglycaemia might exert effects on cerebrovascular tone and endothelium. 5 Therefore, further work to investigate possible methods of vasculoprotection may be valuable. Potential treatments to reduce ischaemic injury and enhance recovery from stroke in hypergycaemic rat models are being explored. 6 Desferioxamine administration to diabetic rats with middle cerebral artery occlusion improved mortality, haemorrhagic transformation and infarct volume. 42 Since treatment of hyperglycaemia with insulin is associated with a risk of hypoglycaemia, it would be prudent to consider other diabetes treatments such as
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• Admission hyperglycaemia in acute stroke patients is associated with higher mortality, longer hospital stay and poor functional outcomes • Potential mechanisms of hyperglycaemia-related brain damage in stroke include acidosis, oxidative stress and reperfusion injury • Animal studies support evidence from clinical studies on the effect of hyperglycaemia in acute stroke • More research is needed to explore the effect of admission hypoglycaemia on stroke outcomes REVIEW dipeptidyl peptidase-4 inhibitors and sodium-glucose co-transporter-2 inhibitors that do not cause hypoglycaemia. There is no consensus on what level of elevated admission blood glucose affects outcomes. This also merits investigation. Compared with hyperglycaemia, there is a lack of evidence regarding the effects of hypoglycaemia on stroke outcomes. This is another area for future research.
Conclusion
The majority of research into hyperglycaemia and stroke concludes that high blood glucose levels result in higher mortality and poorer functional outcomes. Possible mechanisms of hyperglycaemia related brain damage include acidosis, oxidative stress, reperfusion injury, interference with glucose/sodium transport and glucose related cortisol increase. Elucidating the biochemical causes of hyperglycaemia related effects on stroke may provide us with new drug targets. Further investigation into the effects of use of insulin and novel therapies as treatment for acute hyperglycaemia in stroke may enable development of detailed treatment guidelines to improve patient outcomes.
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